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Executive Summary

A colloquium was convened in Longboat Key, Florida, in
October 2002, by the American Academy of Microbiol-
ogy to discuss the role of genomic techniques in
microbiology research. Research professionals from
both academia and industry met to discuss the current
state of knowledge in microbial genomics. Unanswered
questions that should drive future studies, technical
challenges for applying genomics in microbial systems,
and infrastructure and educational needs were dis-
cussed. Particular attention was focused on the great
potential of genomic approaches to advance our under-
standing of microbial communities and ecosystems.
Recommendations for activities that might promote and
accelerate microbial genome science were identified
and discussed.

Microbiology has always advanced in tandem with new
technologies. Beginning with the first observations of
microscopic organisms with early microscopes in the
17th century, the tools and methods for studying
microbes have continually evolved. Slowly at first, and
now with startling speed, scientists have developed
increasingly complex and informative tools for analyzing
the functions, interactions, and diversity of microorgan-
isms. Today, genomic technologies are revolutionizing
microbiology. Genomics employs all or part of the
genome to answer questions about an organism and
represents a generic tool that can be used to dissect
any or all living cells. In this report, the term “genomics”
includes structural genomic methods that focus on the
determination of genomic sequence and higher order
structural features, as well as functional genomic meth-
ods, which focus on the activities and products
encoded by the genome.

To date, microbial genomics has largely been applied to
individual, isolated microbial strains, with the results
extrapolated to the wider world of microbial diversity.
We are now presented with an opportune moment to
move beyond studies of single isolates and to apply
genome sciences directly to the study of microbial com-
munities. It is now possible to adapt genomic tools and
approaches to more realistic models of genome evolu-
tion and ecology involving natural microbial
communities. Microbial communities are formed by
organized groups of microbial species, each having dif-
ferent, often complementary functions or activities. In
aggregate, the microbial community has emergent
properties greater than the sum of its individual mem-
bers. Outside the laboratory, virtually all microorganisms
exist in complex assemblages, in which they exchange
genetic material, nutrients, and biochemical signals with
one another. While analysis of individual strains has
been a highly profitable enterprise, greater strides can

now be made by focusing attention on microbial
communities. These are the entities that encompass
the bulk of microbial interactions, evolutionary
processes, and biogeochemical activities, with resulting
immense impacts on human health and the entire
planetary biosphere.

The natural microbial world can be viewed as a land-
scape of genes and genome ecology, in which
organisms exchange genetic information and co-evolve
with one another, shaping themselves and the bios-
phere over time. Microbial genomic evolution is crafted
in microbial communities through the dynamic interplay
of mutation, genetic drift, gene transfer, and natural
selection. As it is currently envisioned, the application
of genomic approaches to the study of microbial
communities, i.e. “"community genomics” or “meta-
genomics,” entails large-scale sequencing of pooled,
community genomic material, with either random or
targeted approaches, assembly of sequences into
unique genomes or genome clusters, determination of
variation in community gene and genome content or
expression over space and time, and inference of global
community activities, function, differentiation, and
evolution from community genomic data.

With the aid of genomic techniques, scientists are
poised to answer fundamental questions about the
nature of microbial communities and the processes that
shape and sustain them. Although there are few limits
as to the phenomena that can be explored using these
tools, certain areas of research deserve particular atten-
tion, due to their fundamental importance for
understanding microbial life and due to their relative
accessibility, given the current state-of-the-art. Out-
standing questions about diversity and its generation
and maintenance, ecosystem and community stability,
and the relative significance of gene transfer in micro-
bial communities need to be addressed.

Genomic techniques are a powerful set of methods, but
there are certain technical hurdles to overcome before
these techniques can be universally applied. Among
these hurdles are the challenges of coordinating pro-
ductive research programs centered around significant
and tractable biological questions and applying appro-
priate and cost-effective technologies to answer them.
One of the biggest challenges is the difficulty of coping
with the tremendous complexity of microbial communi-
ties and their habitats and the difficulties in measuring
all relevant biotic and environmental variables. Certain
technical problems, such as identifying minority popula-
tions, deciphering diverse chromosome structures, and
de-convoluting complex genome assembly problems,



all need to be tackled to accelerate progress in micro-
bial community genomics. In light of these technical
challenges, establishing the proper biological and
environmental contexts for genomic studies and devel-
oping new technology platforms and strategies are
high priorities.

Microbial genome science can best be advanced by
adopting multiple strategies and by addressing multiple
levels of complexity in study systems. Investigations
that focus on more simplistic model microbial commu-
nities will facilitate methods development. Less
complex model systems will also allow multiple
research groups to coordinate their work. Several
recommendations are made with respect to the optimal
attributes of model systems, and a few examples of
such systems are explored. At the same time, genomic
technologies are mature enough now to decipher the
genomic characteristics of more complex microbial
communities. Genomic investigations of microbial com-
munities of global ecological, medical, or industrial
importance should also begin immediately. Since
genomic approaches generate vast amounts of data,
improvements in information technology, database
architecture, and data management strategies will sig-
nificantly accelerate scientific progress. Outstanding
unanswered questions include the amount and nature
of within-population genetic diversity, the dynamics of
genome evolutionary processes, and the levels of gene
transfer in microbial communities.

A number of well recognized educational needs exist
with respect to microbial genome science and are
particularly critical for community genomics. These
include cross-disciplinary training at the graduate and
post-graduate levels, in fields that meld biology and
computer science or mathematics.

Microbial genomics holds great promise for improving
our world. By enabling a predictive understanding of the
effects of perturbation on the microbial communities
that impact human health and the environment,
genomics could hold the key to treating diseases and
managing the precious natural resources and processes
that sustain life on this planet.



Introduction

It is astonishing but true—microbes are responsible for
maintaining life on Earth. By driving global cycles of
oxygen, carbon, and other essential elements, microbes
have created the atmosphere, soil, and sediment that
support the remarkable diversity of animals and plants
that have existed for millions of years. Microbes have
played an essential role in the creation of the fertile land
that sustains crops and livestock and, therefore,
sustains human populations. Even within our own
bodies, bacteria are necessary for digestion and absorp-
tion of nutrients and for educating our immune
systems. Life on earth has thrived because of the activi-
ties of microorganisms, and in their absence that life
would cease to exist.

Despite the pivotal roles they play in life on Earth,
microbes are only beginning to be well understood.
From the beginning, the study of microbes has been
dependent on advances in technology, and discoveries
in microbiology come only at the pace allowed by the
methods available. Microbiology was born less than 350
years ago when Antonie van Leeuwenhoek ground
glass into magnifying lenses and identified “animal-
cules” thriving in almost every environment he could
imagine. Then, in the 1860s, Louis Pasteur showed that
these organisms can cause disease and can be purged
from food and medical instruments using heat. Ferdi-
nand Cohn discussed the role that microorganisms play
in cycling natural elements in 1872. Robert Koch grew
bacteria on solid media 10 years later, allowing bacteria
and fungi to be cultivated and studied more easily in the
lab. In 1924, Albert Jan Kluyver wrote about the
common metabolisms of many different microbes and
was the first to point out that life on earth would be
impossible without their actions.

In this past century, the development of molecular
biology allowed great advances in understanding
microorganisms. In 1944, microbiologists Oswald Avery,
Colin MaclLeod, and Maclyn McCarty showed that
deoxyribonucleic acid, DNA, held the information that
drives the activities of living things and is the basis of
heredity. The polymerase chain reaction (PCR), first con-
ceived in 1983, enabled scientists to take a small
amount of genetic material from microbial cells and
amplify it for faster, more accurate analysis. Since then,
molecular biology has evolved rapidly and scientists
have developed a range of powerful techniques for
uncovering the activities of microscopic organisms,
allowing microbiologists to pinpoint the causes and
identify the cures of elusive diseases, to better exploit
the beneficial microbes used in food and industrial
processes, and to characterize the myriad organisms
that cycle global nutrients.

In recent years, scientists have opened a new window
on the world of microbes: genomics. The genome of an
organism is all of the DNA or genetic material that the
organism holds. It is the set of instructions that directs
the growth, metabolism, and reproduction of every
living creature. In short, the genome is a blueprint for
life. “Genomics” rose to prominence with the first
description of a complete genome sequence of an inde-
pendent life-form in 1995. The term describes the study
of all or part of the genome to answer a question about
an organism. Genomic techniques are powerful, and
thus far they have enabled scientists to explore the
metabolic capabilities and genetic identities of many
microbial strains, leading to insights about the role
those organisms play in disease and environmental
processes. In this report, the term “genomic tech-
niques” includes approaches that entail genome
sequencing and analysis as well as functional
approaches, in which the production of gene products
in individuals or microbial communities is monitored.

Molecular methods for studying microbes, including
genomic techniques, have allowed researchers to
examine many genes and functions, but our ability to
understand the microbial world has been limited by the
difficulties inherent in studying microbes in their natural
setting: microbial communities. Microbial communities
are formed by organized groups of microbial species
each having different, often complementary, functions
or activities. In aggregate, the microbial community has
emergent properties greater than the sum of its individ-
ual members. Outside pure laboratory cultures and
exceptional symbioses, virtually all microbes exist in
communities. Whether in soil, water, attached to envi-
ronmental surfaces, or in the gut of a human being,
microorganisms live in close proximity to other
microbes, and the implications of this closeness are
profound. For example, microbes in communities
exchange nutrients, taking the substances they require
and excreting those for which they have no use. These
metabolic activities alter the microenvironments in
which microbes live, so microbial interactions can
define the impact of a community on its environment.
The spatial arrangement of cells in a community can
amplify microbial interactions and may be responsible
for many of the important processes communities carry
out. Community-level processes may also be influenced
by cell-to-cell signaling or quorum sensing—enabling
many microbial communities to take a census of their
own numbers and growth state and to respond to their
environment in a coordinated fashion. In dense micro-
bial communities, genetic material may be exchanged,
allowing the various members to acquire and relinquish
different metabolic capabilities and growth characteris-



tics. Microbial community members can be highly
diverse, including members from each of the three
domains of life and can display metabolic capabilities of
every sort. Alternatively, they may consist of only a few
types of members living in close association and relying
on simple associations for their needs and sustenance.

The result of dynamic community interactions at
genomic, metabolic, and structural levels is an interact-
ing network of microbial species whose collective
functions are often greater than the sum of its parts. For
example, certain microbial communities are capable of
breaking down hazardous chemicals that individual
species cannot degrade. Likewise, consortia of bacteria
acting together are required to satisfy the nutritional
requirements of many larger organisms. Microbial com-
munities are potent, and they accomplish many of the
functions that are necessary for higher organisms to
exist and for sustaining our planet’s habitability.

Microbial communities are many and varied, and their
interactions, diversity, and structure make these assem-
blages complicated systems indeed. This complexity
makes it difficult to tease out the function of individual
microbes in their natural settings when communities
are examined as a whole. Given these difficulties, why
should scientists study microbes in communities? The
answer is obvious: microbes are inextricably linked to,
and defined by, the communities in which they are
found. To extract individual members from a commu-
nity, thrust them into controlled, aseptic laboratory
medium, and monitor their behavior in completely for-
eign nutrients and physical circumstances is of dubious
utility to understanding microbes in the real world.
Microbes do not exist alone; they exist in communities.
Understanding the role that microbes play in the world
requires that we understand them at the community
level. Hence, efforts to describe the activities of
microorganisms should focus on studying them within
the context of communities wherever possible.

The pressures of community living, including population
dynamics, recombination, and lateral gene transfer, are
emerging as critical drivers of ecosystem evolution.
By using genomic techniques to approach these
phenomena, microbiologists can now build on the vast
data resources from genome sequencing projects and
carry the science into a new era. In this new stage,
genomics will be used to describe the evolutionary
forces that drive the microbial communities that impact
human health and the environment. Thus, among the
challenges before us is the need to determine how the
techniques, tools, and perspectives of genomics can be
most effectively used to understand better whole
microbial communities—as single units of study.

The Genomic Landscape on Earth Today:
Its Evolution, Diversity, and Dynamics

It is instructive to view the biological world through the
lens of the genome. Most enduring ecological changes
are mediated at the level of genes or groups of genes,
where the forces of natural selection are brought to
bear. Hence, the biosphere can be thought of as a
genomic landscape, where the interactions between
genomes and the environment dictate the outcomes of
evolution and the formation and stability of the
biosphere. This view of the world has been referred to
as “gene ecology.”

Genomes evolve over time, changing in subtle or radical
ways, constantly adapting to the surrounding environ-
ment. When two organisms with identical genomes are
separated and exposed to different selective pressures
over many generations, their genomes can accumulate
genetic differences, causing the organisms to diverge
and resulting in a branch-like pattern of evolution. The
divergent evolution of previously identical genomes is
one way in which diversity can be created. Alternatively,
new genomic combinations can evolve through lateral
gene transfer, by which a cell can acquire genes from
its neighbors or lose genes rapidly. Hence, genomes
can evolve gradually through vertical transmission of
mutations, gene duplications, deletions, and rearrange-
ments. Alternatively, they can evolve more suddenly and
sporadically via horizontal transfer of genetic informa-
tion between different microbial species.

Understanding the different mechanisms of genome
evolution offers interesting insights into the process.
For example, it is possible to view evolution from the
perspective of the organism that gains and loses genes
and functions or from the perspective of the gene or
group of genes, which can evolve gradually over time or
increase their influence by moving to new hosts.

The structure of the genome—meaning the organization
of genes with respect to one another—may also play an
important role in the evolution of microbial systems. It
has been found that the genomes of closely related
organisms can actually exhibit a great deal of variability
in their structure. That variability can increase over time.
Genome heterogeneity has been documented in strains
of Thermotoga, for example, and in a number of
pathogens, such as Helicobacter pylori, but it is
unknown what precise role this heterogeneity plays in
the evolution of communities of organisms.

Lateral gene transfer is the exchange of genes between
microbial strains, and intragenic recombination refers to
the re-arranging of elements within a gene. Together,
these processes, known as gene transfer, have been



found to be significant driving forces in the evolution of
microbial systems. This contradicts prior beliefs, which
held that these processes were important only in a lim-
ited number of microbial habitats. Gene transfer allows
individual organisms access to novel genetic material,
and hence, to novel metabolic and structural capabili-
ties that may offer an evolutionary advantage. Lifestyle
and local habitat affect the rates and mechanisms of
gene transfer, and some bacterial species appear to
absorb genes from other organisms so readily that they
are likened to a “gene vacuum.” For example, Heli-
cobacter pylori readily incorporates genes from the
DNA pool to which it is exposed. It can take up genes
from a plethora of different organisms, acquiring the
capability to metabolize previously excluded substrates
or tolerate adverse conditions. It is worth noting, how-
ever, that named prokaryotic species have been shown
through population genetics analysis to include many
discrete subpopulations, each of which might have the
properties of species. Until we better understand how
genomic variation is organized into populations, we can-
not be certain that our impressions of genomic variation
within a species are correct. In the case of related

Applying Genomics to Microbial
ommunities— The Most Important
Unanswered Questions

Advantages of Taking a

Community-Based Approach

Community-based genomics approaches offer a key to
understanding the world of microbes. Previously, mean-
ingful research in genomics often demanded that
individual microbial community members be cultivated
in the laboratory, in isolation from the forces and rela-
tionships of the communities that sustained them in
their natural habitats. The requirement of cultivation has
imposed a number of constraints on research, not the
least of which is the problem of culturing microbes that
have yet to be cultured. Currently, we are only able to
study thoroughly at best one percent (1%) of known
bacteria and archaea, as the culture requirements are
either unknown or impractical to implement for the vast
majority of prokaryotic microbes. Other limitations
include the difficulty of extrapolating the results of culti-
vation-based investigations to the wide world outside

Genomes evolve over time, changing in subtle or radical ways,

constantly adapting to the surrounding environment.

groups of organisms that freely exchange genes, the
concept of a group-wide genome is useful. The pres-
ence of agents that mediate gene exchange, namely
phages and plasmids, also has an influence on the rates
and mechanisms of gene exchange. Until now, the bar-
riers to studying gene transfer and to quantifying the
effects of gene transfer on evolution and community
dynamics have been daunting. Genomics-based com-
munity approaches are well suited to exploring these
gaps in the current understanding of the microbial
world, and the results of such investigations promise to
be fruitful.

the lab and differences between the pure-culture behav-
ior of microbes and the behavior of microbes in
communities. Community-level genomics approaches
have enabled scientists to take a step back from the
approaches that involved dissecting communities into
their individual member cells and enabled them to step
simultaneously into new realms of research where the
overarching processes, interactions, and relationships
at work in communities can be more directly observed.
It is also important to note that the most significant out-
standing questions in microbiology are related to
ecological and evolutionary processes, which can only
be studied in the relevant context of the communities
and environments in which they occur.

Genomics and other molecular methods are extremely
powerful, and they eliminate many of the problems
associated with cultivation-dependent techniques. An
important and critical place still exists, however, for the
continued exploration of microbial cultivation, which
plays a role in understanding the metabolic and struc-
tural feats of which microbes are capable. Genomics
could even help to guide these investigations by allow-
ing researchers to identify the organisms appropriate
for cultivation and the likely combination of culture tech-
niques that would enable their growth in the lab.
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Box 1: Community Genomics
and the Metagenome

“Community genomics” refers to the application
of genomics tools and techniques to the study of
entire microbial communities as a single unit. This
approach begins with pooled DNA or RNA repre-
sentative of the whole community and involves the
creation of an inventory of genes of the community
in aggregate, using random shotgun sequencing
methods, or targeted sequencing of large genome
fragments. It may involve the assembly of individual
genome sequences that correspond to single
strains, species, or genomic variants. In a manner
analogous to efforts in single organism genomics,
community genomics projects seek to define the
expression patterns and function of the gene pool
under a variety of conditions. Variation in content or
expression in relation to time, space, and
perturbation help reveal the biology and evolution
of the community as a whole. In discussing
community genomics, the term “metagenome” has
been coined to refer to the entire set (or inventory)
of genes that belong to a given community.

Genomics approaches applied to communities offer
unique promise for answering many outstanding ques-
tions—from identifying the minimum required gene set
in defined communities to fundamental questions about
the evolution of all ecological systems. General areas of
inquiry where genomics can be of particular value in
leading to new discoveries include:

* Cataloguing diversity of microbial communities;

* Understanding how genomic diversity relates to
species and/or functional diversity;

* Deciphering how genome composition and dynamics
relate community stability;

* Elucidation of the nature extent, and relative signifi-
cance of lateral gene transfer; and

* Mapping the functions, dynamics, and interactions
of individuals and communities within specific envi-
ronmental settings.

Outstanding Questions,
Unique Opportunities

Diversity

It has long been acknowledged that the functional diver-
sity of the microbial world is staggering. From the
termite gut to deep-sea hydrothermal vents to unseen
groundwater plumes of noxious chemicals, microbes
carry out forms of metabolism and respiration that are
entirely beyond the capabilities of larger organisms.
Within the last 20 years, scientists have found that the
genetic diversity of microbes is also vast. Microbes
occupy most of the branches of the tree of life, repre-
senting the majority of the genetic potential in the
biosphere. However, this extensive functional and
genetic diversity, even within defined microbial commu-
nities, has confounded both efforts to characterize the
forces that drive diversity and to identify and interpret
diversity patterns. Scientists using genomic techniques
have begun to tease apart the rules of microbial diver-
sity, but many questions remain.

Molecular analyses of microbial communities based on
conserved genes and associated phenotypic properties
suggest that diversity is structured in discrete popula-
tions that organize along environmental gradients. The
term “ecotype” has been suggested in reference to
these ecologically specialized populations. For example,
closely related “ecotypes” of the most abundant photo-
synthetic organism on Earth, marine Prochlorococcus,
are partitioned along light and nutrient depth-related
gradients in the sea. The levels of molecular resolution
are currently too low for most microbial groups to inves-
tigate whether other organisms (and their genomes) are
organized into species-like ecotype populations.
Genomic approaches can address the issue of whether
individual microorganisms form populations of organ-
isms of like function or genetic relatedness. If so,
efforts can also be made to go beyond statistical char-
acterization of these groupings to determine the
underlying biological processes that might drive the
phenomenon. Evolutionary theories, such as periodic
selection theory, can be used to formulate testable
hypotheses to begin to understand these processes.
On the other hand, ecological theories developed for
plants and animals might not apply to microbial popula-
tions, especially if lateral gene flow is frequent, so that
theory-independent approaches to discovering the
processes influencing how microbial genomes evolve
must also be considered.

Efforts can also be directed toward understanding the
degree of variability in microbial community diversity
and the changes in the relative abundance of genes and
genomes that accompany community perturbation.



Often taken for granted, the correlation between
genomic diversity and functional diversity within com-
munities has not been thoroughly explored. With the
powerful genomic tools currently available, the time is
ripe to substantiate such intuitive connections with
experimental results, and model and predict genome
evolutionary dynamics with robust theory.

The boundaries of microbial diversity are also largely
unknown and could be effectively resolved using
genomic techniques. For example, the minimum num-
ber of genes necessary for survival as a self-sustaining
organism, outside of a symbiotic relationship, is
unknown and could be investigated using these tools.
Moreover, it is unknown whether the minimum gene set
differs based on the metabolic lifestyle of a given
microbe. For example, do organisms that utilize organic
carbon have a smaller or larger minimum gene set than
organisms that fix inorganic carbon? On a community
level, it is unknown whether communities operate close
to the minimum gene set or whether they retain many
more genes than the minimum, and what the biological
mechanisms for retaining those extraneous genes
might be. Neither is it known whether a community’s
minimum gene set varies across time and space.

Many ecologists agree that species diversity is corre-
lated with ecosystem stability, but a consensus has
certainly not been reached. By using genomic tech-
niques to examine the effects of system perturbations
on genome content in microbial communities, microbi-
ology can inform these and other debates relevant to
classical ecology.

There are multiple plausible theories about the nature of
microbial diversity. Under the ecotype concept of diver-
sity, variation within each ecologically distinct
population (an ecotype) is purged recurrently by natural
selection. Such ecotypes would have the quintessential
properties of species, in that each is genetically cohe-
sive and each is irreversibly separate from all others.
These ecotypes would be expected to coexist over evo-
lutionary time, such that each would eventually be
discernible as a separate sequence cluster. Alternatively,
in a species-less concept of diversity, what limits the
variation within an ecologically distinct population is not
recurrent selection but the population’s longevity. Under
the species-less concept, new ecologically distinct pop-
ulations would arise at a high rate, owing to horizontal
transfer, but populations would also become extinct at a
high rate. These two models make very different predic-
tions for discovering ecological diversity through
molecular methods. Under the ecotype concept, there
is a one-to-one correspondence between ecologically
distinct populations and sequence clusters; under the
species-less concept, the correspondence is many-to-

one. Genomic approaches can help to determine which
of these models most appropriately describes diversity
within microbial communities.

Stability and Adaptation to Perturbation
Community stability is another topic where genomics
tools can be put to use. In combination with phyloge-
netic and genomic approaches, researchers can begin
to dissect the mechanisms of community adaptation to
perturbation by separating the effects of (1) shifts in
population structure, (2) changes in gene expression
patterns, and (3) gene transfer. Since genomic tech-
nigues can examine individual microbial groups at work
together, the effects of perturbation and stress on com-
munities can be gauged and extrapolated to the
communities that impact the biosphere. This will allow
researchers to understand whether different stressors
induce dormancy, community composition shifts,
ecotype extinctions, stepwise or continuous changes,
or other phenomena.

The question of whether similar niches support similar
microbial occupants could be addressed using
genomics as well. Of particular interest is the level of
resolution at which these occupants share genetic or
functional similarities. For example, in a given type of
niche that is found in many different locations, the
occupants may belong to the same “species,” genus, or
higher phylogenetic cluster.

Genomics can help to bring microbiology into a new,
predictive stage. Genomic tools could potentially be
employed to construct a framework by which certain
features of an organism’s genome might be predicted
from the sequence of its small subunit rRNA gene (16S
or 18S) and the biochemical and physical characteristics
of the environment from which it was drawn. Alterna-
tively, predictions can be made about the effects of
perturbation on microbial communities based on the
findings of genomic surveys. This is an especially criti-
cal capability in light of its potential impact on managing
certain human diseases, which can be seen as distur-
bances of the delicate balance that humans usually
maintain with their microbiota or the microbiota in their
environment. (Examples of diseases that may be pro-
voked or propagated by microbial community
disturbances include inflammatory bowel disease, peri-
odontal disease, “bacterial vaginosis,” and the
overgrowth syndromes associated with antimicrobial
use.) Perturbations of microbial communities that come
into contact with the human body can lead to disease,
and if predictions could be made about the effects of
these perturbations on human tissues, then therapies
could be more effectively targeted to counteract or pre-
vent the deleterious effects.

11
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Lateral Gene Transfer

Lateral gene transfer has recently been found to be
more prevalent in microbial communities than previ-
ously thought. Hence, it is reasoned that gene transfer
must play some significant role in community dynamics
and evolution, but it has been difficult to explore this
role with the techniques available to date. Genomics
allows experimental approaches and hypothesis testing
that was impossible with older methods, and concerns
relevant to lateral gene transfer are particularly
amenable to testing by these methods.

Although it is widely acknowledged that lateral gene
transfer is a large determinant of microbial community
function and evolution, the agents responsible for gene
transfer (plasmids, phages, transposons, integrons, and
other elements) have received relatively little attention.
Not only are there numerous gaps in our knowledge
about the agents of gene transfer, but the factors that
govern this phenomenon are also little understood. The
rules and trends underlying gene transfer are ripe for
exploration using genomic techniques. With the intro-
duction of genomic techniques, systematic
community-based surveys of mobile and transmissible
genetic material are possible. As exchangeable packets
of information, these elements can be seen as “sub-
genomic organisms” or “subcellular genetic entities.”
Simple physical separation techniques can isolate
phages, plasmids, and other genetic fragments and
sequencing these elements would be very revealing
and of only moderate cost.

The range of rates of gene transfer that can be
observed in different types of organisms or in different
environments is unknown, as is the relative importance
of the various mechanisms responsible for gene trans-
fer. Limits on mechanisms of gene transfer are poorly
understood. For example, it is not known whether
exchange is limited more by phylogeny or proximity.
Other unknowns include the average quantity of
genetic material that is exchanged by these transfer
mechanisms, and whether there are “species cores”
of genes that are excluded from lateral exchange
and recombination.

Gene transfer is not only a way of acquiring capabilities,
but it may also be a way of “cleaning house,” ridding
cells of unnecessary genetic burdens. Whether or not
there are common strategies in balancing the ebb and
flow of lateral gene transfer to optimize genome struc-
ture is unknown. Similarly, the ability or inability to give
and receive genetic material in this way may be a deter-
minant of evolutionary change, either enabling cells to
take advantage of changing environmental conditions or
driving the extinction of cells that cannot adapt.

Each of these lines of inquiry can be effectively investi-
gated using modern genomic techniques. Genomic
research investigating lateral gene transfer will require
scientists to generate new theories about life in micro-
bial communities.

Questions about gene expression can be addressed
using genomic techniques, as well. Although gene
expression has been explored in a myriad of cultivation-
dependent studies, genomic investigations into the
nature of gene expression in a microbe’s “natural” con-
text, in the presence of its fellow community-members,
promises to deliver a new understanding of how and
when microbes put their inherited genetic codes into
action. In sequencing the genomes of isolated
microbes, it is not uncommon to find that a third of the
genes have no known function. Through genomics
investigations that examine the expression of genes in a
community environment, including coordinate gene
expression, great progress can be made in identifying
the roles of these previously unknown, unidentified
genes. Other outstanding questions that are ripe for
exploration using genomic techniques include the
power of environmental feedback on microbial commu-
nity composition, function, and the tempo and mode of
genome evolution.

Questions Relevant To All Biology

The implications of applying genomic techniques to
microbial communities are not limited to the realm of
microbiology; rather, they resonate in every aspect of
biological science. Genomics can be applied to micro-
bial ecosystems to test hypotheses of population
genetics for larger organisms, for example, and could
have implications for understanding the dynamics of
genes in all ecosystems. Outstanding questions with
respect to evolution, including whether diversity is
organized by periodic selection, can also be approached
by use of these techniques and can inform discussions
of evolution with respect to larger organisms. Finally,
the results of genomic studies that examine the influ-
ences of microbial community members on other
community members via cell-to-cell interactions can be
extrapolated to understand better the interactions
between the cells of multicellular organisms.



Issues and Challenges in Applying
Genomics to Communities

Applying Ecological Principles

to Microbial Communities

In the visible world, living things are found in arrange-
ments called ecosystems, in which the various
members establish a niche of specialty, interact with
other members of the ecosystem, and arrange them-
selves in patterns in which the various species utilize
the resources necessary for survival. Scientists have
studied ecosystems for many years, uncovering the
rules that govern them and the emergent properties
that come from combining many diverse organisms into
a single, functioning whole. Microbial communities help
structure ecosystems on both small and large scales.
Hence, experimentation in microbial community ecol-
ogy may be used to inform the realm of classical
ecology, and genomic techniques may be a particularly
important set of tools in making these links. For exam-
ple, the phenomenon of invasive species in large
ecosystems has a parallel in microbial communities: the

dialog between classical ecology and microbial ecology
will often lead to a better understanding of our world,
and attempts should be made to translate the results in
one field in order to illuminate the other. Interactions
like these could lead to new insights into the dynamics
of both the biological systems that we can see and
those that work on the microscopic level.

Technical Issues, Challenges

Genomics as applied to microbial communities is a rela-
tively new field. A number of challenges need to be
faced and resolved in order to advance most effectively
knowledge in the arena of microbial genome science.

COMPLEX POPULATIONS

Although genomics has introduced new ways to
explore the complexity of microbial communities, that
complexity may yet confound some lines of inquiry.
Microbial communities exhibit a wide spectrum of intri-
cacy. Some communities, intracellular parasites or
single-species symbiont communities, for example,
present relatively simple systems for study, and the
range of the interactions at work is comparatively small.

Scientists have studied ecosystems for many years, uncovering the

rules that govern them and the emergent properties that come from

combining many diverse organisms into a single, functioning whole.

introduction of a new gene into the community. Until
now, the available techniques in microbiology have
allowed researchers to track only the invasion of a given
microbe into a community, not the intrusion of the
unigue genetic material that that organism introduces to
the system. Genomic techniques now allow for tracking
of genes, and the results of investigations into the
movement of an invasive gene through a species, popu-
lation, or community can contribute to our knowledge
about the movement patterns of invasive plants,
insects, or animals through the environment.

In other areas, the parallels between classical ecological
and microbial community principles break down, and
rules that apply to one apparently do not apply to the
other. For example, the concept of biogeography, the
governance of ecosystems according to climactic or
geographical environs, may or may not have a parallel in
the realm of microbial communities. Microbial distribu-
tions may instead be ruled predominantly by
biogeochemistry, and the availability of niches and nutri-
ents appropriate for community survival. In the areas
where microbial ecology and classical ecology do not
meet, genomic information may not be useful in inform-
ing the principles of ecology. However, a continued

However, other microbial communities are comprised of
webs of inextricable interactions, in which nutrients,
chemical signals, genes, and behavioral interactions are
exchanged between different populations in an almost
hopelessly complex network. Genomic work on these
complex communities can be very difficult indeed,
since complexity confounds reproducibility. Genomic
surveys should be designed to allow for a range of
expected complexities in the community being studied,
without biasing the experimentation based on the level
of diversity anticipated by the researcher. The best
research will operate at several levels simultaneously,
including the genomic level (in which surveys and some
complete sequencing will be carried out), the gene
expression level, the metabolic level, and the physical-
chemical level, and the population level.

LEVEL OF RESOLUTION

The interpretation of genomic data, and specifically the
question of the level of detection achievable with these
methods, remains a challenge in the field. Microbial
communities may be comprised of thousands of distinct
microbial taxonomic groups roughly equivalent to
“species,” with most of these contributing to the overall
function and character of the community. However, the
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vast majority of these groups are also be present at a
very low frequency, contributing small signals to the
genomic data. In other experiments where genomics is
used to compare communities, before and after treat-
ment, for example, or from different areas of an
experimental site, small community differences may be
critical to the results of the experiment. Without careful
planning and experimental design, small, critical groups
and small, critical differences between communities
may go undetected. This could hinder the interpretation
of experimental results, leading to false conclusions and
improperly directing future research efforts. Some prior
knowledge of the diversity of the system at hand is
required to tailor the questions that drive such genomics
experiments, allowing proper experimental design to
identify minor populations and subtle differences.

CHROMOSOMAL COMPLEXITY

In most of the bacteria currently in culture, the majority
of the genome is kept in the form of a single, usually cir-
cular chromosome that bears the genes necessary for
survival. It is well known that the information found in
extrachromosomal elements (such as plasmids), i.e.,
the genetic information that is not included in this chro-
mosome, also contributes to the biology many
microbes. It is becoming increasingly clear, however,
that many bacteria, such as Vibrio cholerae, bear more
than one chromosome. Moreover, eukaryotic microbes,
such as fungi and protozoa, like their larger cousins the
plants and animals, bear many chromosomes, each of
which carries a distinct set of genes, and mitochondrial
DNA, which carries yet more genetic information. The
fact that the genome of a given microbe cannot always
be found on a single, intact circle of DNA can be a
source of difficulty in deconvoluting genomic data from
complex communities. In the future, researchers must
design experiments appropriately to overcome the
problems associated with accessing information on
multiple chromosomes.

GENOME ASSEMBLY IN COMPLEX COMMUNITIES

The amount of sequence data that is accumulated from
even a modest genomics investigation can be enor-
mous, and the computational handling requirements
related to analyzing microbial community data can be
difficult to overcome. When reconstructing the
genomes of organisms from community DNA samples,
confounding factors such as insertions, deletions, poly-
morphisms, and replicons that do not contain a
phylogenetic marker like small subunit rRNA genes, can
cause inappropriate alignments, creating genomic
sequences that are actually agglomerations, or
chimeras, of genome fragments from very different
organisms. Simulation studies subjecting known whole
genome sequences to shotgun cloning and reconstruc-
tion indicate that most mixtures of genomes from
different microbial species can be assembled en

masse. However, the difficulties related to within-popu-
lation insertions, deletions, polymorphisms, are
potentially substantial. The levels and types of genetic
heterogeneity, and relative richness and evenness of dif-
ferent genotypes, will have major impact on attempts at
whole community genome assembly. More data need
to be collected on microbial genomic diversity within
and between populations, to understand, model and
solve these problems.

Normalizing genomic data to remove the dominant
genomes in the sample may be a key to accurate
genome assembly. Normalization may cause the investi-
gator to lose the very rare organisms in the sample
(those present at a frequency of approximately 1 in
10,000 or less), but this approach can allow the assem-
bly of the average, or mean, community. Certainly, the
inability to detect minor community members is not lim-
ited to genomics techniques; it is a problem in many
applications in microbial community analysis. It should
be remembered that genomics does not overcome all
of the limitations of earlier methods and is not the defin-
itive set of tools in understanding community function.

LATERAL GENE TRANSFER

Questions remain about the rate and extent of lateral
gene transfer in microbial communities. As a result, it
is unknown how stable genomes really are. The com-
position of genomes may respond dynamically to
evolutionary pressures over relatively short time peri-
ods, complicating the interpretation of complete
genome sequences. A genome sequence may be a
“snapshot” of the genes that a given organism carries
and it may be subject to relatively rapid change due to
lateral gene transfer in response to environmental con-
ditions and other selective pressures. For example, it
was recently found that, although the genomes of two
strains of Escherichia coli, K12 and the deadly
0157:H7, share a similar structure and are of similar
size, a total of 1,915 genes are carried by one strain
and not the other. Hence, as much as a third of the
genome of E. coli apparently is exchangeable and
dynamic. Further work to delineate the significance of
lateral gene transfer to microbial genomes should help
to illuminate this issue, guiding researchers in ways to
conduct meaningful genomic surveys that take the
influence of gene transfer into account.



Mobile Elements in Ocean Microbes

Research has shown that as much as 10% of the
DNA in the world’s oceans is found in phages, indi-
cating that the potential exists for extensive
lateral gene transfer among planktonic microbes.
By quantifying, sequencing, or otherwise character-
izing phage genes in seawater filtrate or any other
habitat, researchers could take a “snapshot” of the
genes that are on the move at a given point in time.
These results could then be compared to the genes
that are moving at different times or in different
locations. This kind of investigation is already being
directed at the phage community within human the
human gut.

COMPLEX ENVIRONMENTS

Many environments where microbial communities are
found are not amenable to experimentation with direct
genomic techniques in which DNA from the entire
microbial community is extracted and used in subse-
quent analyses. Complex environments that contain
soluble organic materials and inhibitory compounds are
particularly difficult. Soil, for example, is a notoriously
troublesome environment in which to apply genomics
or other molecular techniques. Composed of a hetero-
geneous mixture of organic and mineral, soluble and
insoluble materials, soil contains a number of sub-
stances that may interfere with the extraction process.
Furthermore, soluble materials may co-elute with the
extracted DNA, contaminating the sample and inhibiting
PCR, cloning reactions like ligation, or other processes
in the analysis. Although advances in extraction and
purification techniques are moving the field forward
every year, difficulties with environmental matrices per-
sist and must be managed in many genomics
investigations of complex environments.

GENOMES IN CONTEXT

Microbial community genome dynamics can only be
understood in the natural biotic and environmental set-
ting in which it evolves. Genome diversity and structure,
in part, captures natural historical events. Approaches
that integrate genomic techniques with other levels of
information include systems modeling, which could
facilitate a predictive understanding of communities and
the functions of individuals. Mass spectrometry and
nuclear magnetic resonance imaging could also prove
useful, as could geochemical techniques that can quan-
tify physical and chemical parameters and track them
over time. Ecological and environmental data and mod-
eling are also natural complements to microbial
community genomic data.

Challenges in Community Genomics

Although genomic techniques can be a very powerful
set of tools in investigating the function, dynamics, and
structure of microbial communities, there are tradeoffs
in using any given analytical approach. The drawbacks
to using genomics, including problems of reproducibil-
ity and expense, should be carefully considered prior to
selecting the methods to be used in addressing a par-
ticular question.

Ensuring reproducibility remains a challenge in applying
genomic techniques to microbial communities, as
microbial communities are extremely complex, and it
has long been acknowledged that complexity con-
founds reproducibility. It may be unknown, for example,
how representative a sample from a given community
is. In the case of an unrepresentative sample, one that
bears little resemblance to the larger community, subse-
quent analyses can produce results that have little
relevance to the community as a whole. Issues of scale
are also of major concern when sampling communities
that interact across distances of only a few microme-
ters or less. Genomic surveys of microbial communities
should include sufficient independent replicate samples
and analyses to ensure that the results of the experi-
ment can be reproduced faithfully. The question
remains, however, how much replication is sufficient?
This can only be answered on a case-by-case basis, and
researchers need to closely scrutinize replication in their
experimental design.

Another significant problem with current genomic tech-
niques is their relative insensitivity in detecting minor
community members. This can pose a serious con-
straint on experimental results, and should be
considered carefully. Since minority community mem-
bers can sometimes have disproportionately large
functional impact, this is an important area to address.

Educational Requirements

and Information Dissemination

Genomic techniques have enabled great advances over
the past ten years, granting us insights into the func-
tions carried out by microbial communities and how
these communities impact our world. In the future,
progress will continue and new discoveries will reveal
hidden truths about microbial communities, allowing
medicine to derive novel health strategies, enabling
ecologists to predict the effects of perturbation on the
processes that control greenhouse gases, and permit-
ting engineers to optimize the degradation processes
that remove toxins from contaminated water and soil. In
order to move the field forward quickly, however, a
number of needs must be fulfilled. Scientific needs
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exist, including better tools for data management and
methods for analyzing rare members. In addition, edu-
cation and training efforts need to be directed toward
preparing scientists for optimal use of genomic tech-
niques.

Development and Characterization of

Model Communities and Ecosystems

Model microbial communities and ecosystems can help
focus the efforts of separate research groups and facili-
tate a more thorough understanding of complex
assemblages. By providing fine-scale details about rep-
resentative ecosystems, models allow researchers to
construct informed, testable hypotheses about their
favorite non-model communities, thus guiding research
into productive areas. Moreover, model systems allow
researchers to focus resources and expertise on a few
useful systems rather than on many different communi-
ties that may or may not inform an understanding about
other systems.

It is widely agreed that model microbial communities in
natural contexts should be studied in order to move our
understanding of microbiology forward. Microbiologists
need to form a consensus, not only on the value of par-
ticular model systems, but also on the criteria for
selection of more complex communities. Applying
genomics techniques to suitable model ecosystems
could prove highly profitable and provide, for example,
detailed information on the diversity, stability, and occur-
rence of lateral gene transfer in a few systems that can
then inform an understanding of other microbial sys-
tems.

Criteria for Model Selection

A primary criterion for a model community or ecosys-
tem is that it be of fundamental scientific value,
theoretical interest, or practical importance. These mod-
els can span the spectrum from the simple to the
complex. Some simple systems may be amenable to
laboratory study and shared between different laborato-
ries. Other model ecosystems might, instead, gather
the focused interest of different investigators around a
specific geographic site or habitat. Models for use in
understanding microbial communities should not only
prove instructive in the realm of microbiology, but they
should have relevance to other scientific or social
issues. In other words, a model should have “real-
world” relevance. The more groups, or stakeholders,
that have an interest in gaining knowledge about the
system in question, the more suitable it is as a model.

Importantly, a model microbial community should be
tractable to continued study. The complexity or number
of different kinds of organisms should not be so great
that genomics tools, in their current configurations, can-
not be used to evaluate the dynamics of the system.

Models should also be robust, allowing researchers to
test a wide range of hypotheses.

An ideal model microbial community would be derived
or would exist in an environment that is amenable to
experimentation. Environments can hinder research by
virtue of their complex matrix (i.e., soils), lack of ready
access (i.e., remote deep sea environments), extreme
conditions (i.e., volcanic sulfur springs), or any combina-
tion of these challenges. Efforts should be made to
ensure that the environment from which a model sys-
tem is derived does not prevent thorough
experimentation or long-term study.

The "physiology” of a model system should be relatively
simple and/or informative, in order to facilitate modeling
efforts and systems analysis approaches. By studying
communities that carry out fundamental physiological
processes, research can be focused on those phenom-
ena that are most pervasive in microbial communities
and have the biggest impact on human health and the
environment.

Criteria for Model Selection

* Fundamental Value or Practical importance
* Tractable

* Robust

* Amenable environment

* Simple physiology

* Stable

Finally, a model community or ecosystem should be sta-
ble in terms of structure and function, in order to ensure
that the results of research are repeatable over time and
in different laboratories.

Scale of Model Systems

A balance must be struck between the complementary
advantages of using simple communities with relatively
few members and using large, complicated ones with
many members. Although a model microbial commu-
nity should be tractable and have a small enough
number of members so that the system can be
approached using genomic techniques and other meth-
ods, this requirement does not mean that model
communities should be simple in all cases. The ques-
tion of the appropriate scale of complexity for a model
community can be answered by determining what
hypotheses are being tested and/or what critical prob-
lem needs to be solved. These are the ultimate drivers
that will determine what value a particular model has for
advancing knowledge and human welfare. A range of




complexities should be studied that span a spectrum
from simple two member consortia to complex multi-
species communities. Only by approaching a variety of
levels of complexity can the field be advanced rapidly
and limitations tested and overcome.

Simple communities, those with few members, offer
some advantages to the researcher in these early
stages of development. The tractability and repro-
ducibility of these systems may provide early
understanding the dynamics of microbial communities.
A community of limited size may also simplify genomic
analyses, enabling researchers to reconstruct the
genomes of the community with greater ease.

More complex communities, on the other hand, are
probably more representative of the way life is for most
microbes on this planet. They are also more likely to be
self-organizing and self-sustaining, qualities that make
them a good model of ecosystems and of the earth’s
biosphere. For this reason, developing approaches for
deciphering the dynamics of complex communities rep-
resents a high priority endeavor. It should be the
ultimate goal, and an immediately proximal activity, in
microbial community genome analysis.

Examples of Model Communities

Model systems are needed in order to make faster
progress in understanding disease, the environment,
and our global ecosystem. As a starting point for dis-
cussions about which models should be recommended
to the microbiology community, a few examples of suit-
able models were discussed.

MICROBIAL MATS

Thick layers of microbes, called microbial mats, often
grow where geochemical conditions are appropriate,
usually in thermal, hypersaline, or brackish marine
environments. These communities have been shown
to be stable, allowing repeatable experimentation.
The chemical environments within microbial mats are
amenable to study by microsensors, presenting
definable, predictable gradients, and the number of
organisms usually found in these communities is well
within the range that is reasonable for careful
genomic analyses.

SYMBIOTIC ASSOCIATIONS

Symbiotic systems, in which organisms apparently
cooperate to the benefit of all members, are also suit-
able as model systems. Symbioses are frequently
very simple communities of as few as one or two
microbial groups, and the physical boundaries of
these communities are usually well defined. How-
ever, the range of interactions in these communities
can be limited, having little bearing on larger, more
complex systems. For example, symbiotic microbial

communities may not be subject to invasion by non-
native microbes, which limits the lessons these
systems can offer for communities that are vulnera-
ble to invasion.

OPEN OCEAN GYRES

Open ocean gyres, vast expanses of the oceans that
represent one of the biggest ecosytems on the
planet, may present a suitable model system for
addressing several outstanding questions about
microbial community structure and function. Domi-
nated by small planktonic bacteria and archaea,
microbial communities in open ocean gyres have
been found to have levels of microbial diversity that
make them eminently tractable systems. Since these
communities largely control carbon and energy
cycling in the sea, they are of tremendous practical
and ecological significance as well.

HUMAN GASTROINTESTINAL TRACT AND ORAL CAVITY
At birth, the human gastrointestinal tract and oral cav-
ity are sterile environments. Upon exposure to the
world, these environments are quickly colonized by
microorganisms in what may be predictable, sequen-
tial succession. As such, the gastrointestinal tract and
oral cavity could serve as ideal model systems for
studying a number of phenomena, including commu-
nity establishment and succession. An understanding
of perturbation and its effects on community structure
in these systems might lead to novel strategies for
health maintenance and disease prevention.

MICROBIAL COMMUNITIES RESPONSIBLE

FOR CORAL DESTRUCTION

The microbial communities associated with destruc-
tion of the world’s corals clearly engage a number of
concerned stakeholders interested in knowing more
about the mode of action, spread, and methods for
controlling these destructive assemblages. Undoubt-
edly, a systematic study of one or more of these
communities at many levels of resolution would be a
good first step in making these advancements.

Managing Data

Both the power and the puzzle of genomic techniques
lie in the vast datasets generated by using these meth-
ods. Large amounts of data can be derived even from
simple genomic experiments, allowing researchers to
reach conclusive, detailed conclusions about their sys-
tem. Managing, analyzing, and integrating these data,
however, remain a challenge for the field. Applying
genomics to understanding microbial communities
whose structure remains incompletely explored con-
tributes even more complexity to the problem of data
management. For example, we do not yet have a
proven concept of microbial species, and we do not
even know whether microbes fall into groups with
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species characteristics. However, if the ecotype con-
cept of microbial diversity proves true, this construct
could prove useful for organizing a community's
genomic and metabolic diversity. Organisms from differ-
ent ecotypes would be discernible by the sequence
clusters in which they fall, and then differences in
genomic content among organisms could be more eas-
ily interpreted. For example, genes not shared among
different ecotypes would be candidates for being the
basis of adaptive differentiation among ecotypes;
genes not shared among members of the same eco-
type would be ecologically meaningless, caused by
random horizontal transfer events. On the other hand, if
the species-less concept turns out to be correct, it
would be more difficult to determine which gene differ-
ences are responsible for ecological diversity within the
community. Determining how microbial diversity is
organized will facilitate interpretation of genomic data.

A great need exists for better algorithms and com-
puter software to handle the vast amounts of genomic
data generated by community genomics applications.
Mathematical and informatic formulations for handling
sequence and expression data, for example, are
scarce to unavailable. Moreover, the expertise for cre-
ating these tools is not abundant (See Needs and
Education Requirements).

Genomics databases are also lacking in number and
quality. Historically, biologists have been ineffective in
the “care and feeding” of databases, an unfortunate
phenomenon that now extends to poor maintenance
and tracking of genomics databases as well. By and
large, diminished responsibility for biological databases,
including genomics databases, is correlated with a lack
of enthusiasm for funding these efforts. The reluctance
to support the necessary maintenance of genomic data-
bases must be overcome if progress in genomics is to
continue unabated.

Better integration between databases is a worthy goal
for informatics work in the future, as new data are gen-
erated almost daily. It is particularly important to include
relevant physical, chemical, and biological data when
constructing these databases. Often, these data are
excluded in compiling information about microbial com-
munities, limiting the value of the resulting database for
comparing the results of different investigations.

As databases begin to proliferate, and the amount of
data collected in investigations of microbial communi-
ties continues to grow, making genomics information
accessible to the scientific community has become
more and more difficult. Efforts need to be focused on
informing scientists of the resources available to them
and simplifying access to those resources, particularly

online resources, so that information can be effectively
disseminated and utilized.

Microbiology has become an interdisciplinary science,
and the application of genomics technologies to study-
ing microbes is no exception. Unlike many prior areas of
research, however, genomics involves a strong infor-
matics component, requiring microbiologists to take
computing and mathematical lessons to heart. Collabo-
rations between biologists, engineers, mathematicians,
and professionals in other aligned fields are likely to be
the most productive efforts in investigating microbial
communities.

Gene Transfer

The fact that so many outstanding questions remain
about lateral gene transfer, a phenomenon that could be
a significant determinant of community dynamics and
evolution, stands in the way of making advancements in
understanding life in microbial communities. Clearly, a
need exists to answer these fundamental questions. By
focusing on questions about the rates, limits, agents,
and preferred modes of lateral gene transfer,
researchers can build a base of knowledge that can
serve as a springboard for new theories and hypotheses
about population dynamics, evolution, and adaptation.

Analyses of Individuals

Although the focus of applying genomics in microbiol-
ogy should be the characterization of microbial
communities, a need still exists for identifying and ana-
lyzing individual cells. Advancing our ability to
accomplish this should not be neglected. A great deal
of our current knowledge about the interactions, func-
tional capabilities, and limits of microbial communities
has come from studies of individual isolates, studies
which have offered views on the finer details of micro-
bial life. Efforts to analyze single cells and microbial
community members should move forward in the
future, allowing researchers to sequence the genomes
of individuals and to observe the activities of those
community members /in situ. The technology to culti-
vate previously uncultured microbes should also be
encouraged, as microbes in cultivation can give con-
crete evidence of the diversity of metabolisms and
functions that microbes are capable of carrying out in
their natural environments.

Other Needs

In order to move the field into a predictive stage,
wherein the effects of microbial community perturba-
tion on human health and the environment can be
anticipated, efforts are needed to conduct coordinated
surveillance of the impacts of disturbance on communi-
ties at very basic levels.



There is also a need for centralized repositories
for archiving raw and processed materials from commu-
nity analyses, which will allow easier verification and
reproducibility of the results from these investigations.
A federal facility would seem the best option for
archive sponsorship.

The labs involved in microbial genomics are currently
operating with almost complete independence, often
with little knowledge of the efforts of other research
groups—that is, until research results are published in
the peer-reviewed literature. In order to maximize the
rate of progress in the field, research projects should be
conducted in a coordinated fashion, rather than com-
petitively. Microbial genomics laboratories should
assemble and participate in a research coordination net-
work, in which the work of individual groups can be
cross-referenced with the work of other labs, maximiz-
ing the effectiveness of their cumulative endeavors.

Education Requirements
Models, data management, characterization of gene
flow, and other issues are pressing topics in optimizing

research in its own right, with its own set of principles,
goals, and methodologies.

Cross-disciplinary training is another area where the cur-
rent educational system may limit the forward
momentum of genomics. It is critical to train graduate
students and postdoctoral associates in the disciplines
that bridge traditional departmental boundaries.

One particularly important need is to train microbiolo-
gists, molecular biologists, and biochemists in
principles of evolution and ecology. These foundation
subjects in general biology are often omitted in these
more modern disciplines. A poor understanding of
such basic biological laws may seriously reduce our
ability to formulate sensible biological questions in
microbial ecology and evolution. ASM should ensure
that students of microbiology base their views on natu-
ral biological laws. Other examples of cross training
between disciplines include training in both biology
and mathematics, or in molecular biology and com-
puter science. Programs like these, in which students
receive in-depth training in aligned fields that have rele-

Cross-disciplinary training is another area where the current

educational system may limit the forward momentum of genomics.

the power of genomics, but the education and training
of the researchers who will apply genomic methods is
paramount. Without sufficient genomics training, effec-
tive research would never come about. For example, it
has been noted that computing power is probably
going to be less of a restriction in dealing with vast
amounts of genomics data than the availability of ade-
quately trained scientists. Efforts need to be made by
universities, funding agencies, and individual scientists
to encourage development of new, interdisciplinary
fields, train scientists across traditional departmental
boundaries, attract professionals with cross-discipli-
nary interests, and develop curricula that reflect
advances in genomics.

The application of genomics to microbial systems has
brought to light novel, cross-disciplinary fields of spe-
cialty, including computational biology. Infrastructure,
financial support, and educational support are needed
to ensure that these areas remain viable disciplines.
Moreover, it is important to create the intellectual divi-
sion between the relatively new fields that have
relevance to genomics and their parent disciplines. For
example, computational biology is seldom seen as an
independent field of research, but is viewed as a subdi-
vision of computer science or biology. Computational
biology should be considered a necessary field of

vance in the application of genomic techniques, should
be developed and supported at the university, state,
and federal levels.

While the educational system acclimates to the current
need for scientists trained both in biology and com-
puter science or mathematics, research organizations,
including universities, private companies, and other
entities, must compete to attract those few individuals
who have an interest or are skilled in bioinformatics. A
dialog must be established between biology
researchers and informaticists to motivate the latter to
become involved in genomics research. The mecha-
nisms that encourage these interactions, namely
collaboration requirements by funding agencies, are
few and far between, and more routes for interactions
are needed. Moreover, career promotion mechanisms
are needed as incentive for informaticists to stray from
the realm of computer science and into the realm of
biology. Biology is notorious for failing to adequately
recognize the contributions of computer scientists to
research programs. This failure needs to be addressed
if competent, motivated professionals are to be
attracted to the field of genomics.

It is too often the case that undergraduate curricula
reflect an out-of-date understanding of biology, and fail
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to represent recent advancements in science to stu-
dents who are interested in the future of research. The
role of genomics in the future of science, and of micro-
biological science in particular, needs to be
emphasized, as advancements in our knowledge by
using these tools are likely to guide the cutting-edge of
research for years to come. For example, biology pro-
grams should address the ways in which our
understanding and our modes of experimentation in
evolution are likely to be affected by genomics. Ongo-
ing partnerships between teachers and laboratories or
institutions should be encouraged and redoubled so
that the powerful role of genomics in advancing science
and broadening our understanding of life can be effec-
tively communicated to students and the public.

Genomics in the 21st Century —

What We Can Accomplish

Genomics has revolutionized the way biological science
is executed. In microbiology, the tools and techniques
of genomics have an unprecedented power to eventu-
ally enable the development of a new, predictive
science. In the future, advances in genomics will allow
scientists to extrapolate microbial community function
and the impacts of disturbance on human health and
the environment from the results of straightforward
analyses. Although a great deal of work stands between
us and these future capabilities, the contributions that
microbial genomics is poised to provide for medicine
and the environment are extraordinary.

Currently, our ability to predict the responses of a single
microorganism from the sequence of its genome can
best be described as feeble, and our ability to make pre-
dictions for an assemblage of multiple organisms is
even weaker. However, we can make certain predictions
about the inability of communities to carry out certain
functions. For example, if genomic methods reveal that
an individual or a community lacks nif genes (the genes
that confer the ability to fix nitrogen), it can safely be
predicted that the individual or community is incapable
of fixing nitrogen.

In the future, more powerful predictions will be based
on the assumption that genomically similar communi-
ties have similar dynamics and carry out similar
functions. This ecosystem predictive capability will
come from detailed work that links an understanding of
the genome to an understanding of gene expression,
protein function, and complex metabolic networks. In
this way, by describing the parts of microbial communi-
ties and then extrapolating from the model, scientists
can create predictive tools that will allow an under-

standing of ecosystem function. Ecosystem function,
which is at the root of human disease as well as envi-
ronmental stability, has fundamental biological, medical,
and environmental relevance.

Predictive tools can enable novel health strategies in
medicine. The ability to predict disturbances in the com-
munities present in the human body and in our
surrounding environments will allow doctors to avoid or
correct the community imbalances that result in disease
in a predictable, repeatable fashion that bypasses cur-
rent trial-and-error approaches. Antimicrobial therapy
may be employed in a more discrete, less disruptive,
and more informed fashion. In the future, “"community
diagnostics” will enable better prognostics and thera-
peutics, all of which will be based upon microbial
genomics.

In the environment, advances in genomics will enable
scientists to predict the impacts of community distur-
bances. Of particular interest is the ability to predict the
extinction of genes, organisms, and functions that are
relevant to environmental health, agricultural produc-
tion, and global cycles of the elements. Microbial
communities could be used as a source of diagnostic
signatures for environmental health, enabling better
management of our limited natural resources. For exam-
ple, the microbial communities of rice paddies have an
unquestionable impact on world food supplies, and
concerns exist about the impacts of community pertur-
bations on the global production of rice. Similarly, the
microbial communities of the oceans control global
cycles of the elements and strongly influence climate.
Complex microbial communities in the environment of
the human body are major factors in both health and
disease. In the future, using genomic information and
analyses, these impacts and influences will be tracked,
predicted, and potentially manipulated. A deep genomic
understanding of these integrated microbial processes
will provide a better understanding of our planet, our
interaction with it, and our ability to predict and influ-
ence its future behavior.



Recommendations

Enhance research community access to production
DNA sequencing facilities

The scientific community needs more open access to
production genome sequencing facilities and associ-
ated bioinformatics tools. To date, there has been
limited access to high throughput sequencing for the
general community. Research dollars for specific sci-
ence projects are often disproportionately redirected
to maintain production laboratory infrastructure and
overhead. Better mechanisms need to be developed
to create more opportunities and less “closed shop”
scenarios in the production sequencing laboratories.
More open mechanisms for providing production
DNA sequencing and open source bioinformatics
analyses to the general scientific community need to
be available. Models for community sequencing
access are already developing, such as the United
States Department of Energy’s (DOE) Joint Genome
Institute Community Sequencing Program. Even more
opportunities like this need to become available in
the future, as well as programs that supply the neces-
sary follow-up funding for post-sequence analysis.

Create centers that facilitate research community
access to postgenomic analytical capabilities
Centralized infrastructures that can collaborate with
the community, and supply large scale “DNA chip” or
microarray facilities, proteomic instrumentation and
analyses, imaging facilities, advanced fluorescence
activated cell sorting facilities, and similar technologi-
cal platforms are needed. National Laboratories,
Centers of Excellence, and National Science Founda-
tion (NSF) Science and Technology Centers represent
some of the current mechanisms to create and
enhance such structures. Community solutions that
facilitate access to genome-based technologies will
allow the research community to focus better on
merging the necessary disciplines and on the scien-
tific questions.

Identify and nourish strategic collaborations

across disciplinary boundaries

The trajectory of the scientific questions posed in the
genomic analysis of microbial communities necessi-
tates transcending disciplinary boundaries.
Computational biologists and bioinformaticians need
to work side by side with environmental scientists.
Microbial ecologists need to interface with theoretical
evolutionists and population geneticists. Medical
microbiologists would benefit from more ecological
thinking. The blurring of disciplinary boundaries places
well-known stressors on funding, peer review, aca-
demic departmental, and tenure (granting
mechanisms. These challenges need to be faced

openly by academic departments, university adminis-
trations, academic journals, and funding agencies. The
challenge is to foster integration, while maintaining
strong disciplinary foundations and high academic
and disciplinary standards and quality. Areas that
would stand to particularly enhance the analyses of
genomic data in microbial community contexts
include, but are not limited to, microbial ecology and
population genetics, bioinformatics and environmental
science, microbial ecology and medical microbiology,
and systems biology and environmental microbiology.

Develop community databases that integrate
microbial community genomics with relevant
environmental, clinical, geographical, and
geochemical data
We lack “biological information systems” that link
biological datasets with associated physical, chemi-
cal, and other environmental data. Such databases
and database standards should be developed. Devel-
opment of such databases will need to be a large
interdisciplinary community effort, requiring the input
of computational biologists, population geneticists,
environmental scientists, ecologists, and microbiolo-
gists. A plan will need to be developed to maintain
such inter-operable databases, and this will require
time and a broad community input.

Develop computational tools to analyze the com-

plexity at all levels of biological information within

and between complex microbial communities
New sorts of computational tools and algorithms will
be required to inter-relate the large and complex
datasets that will arise from microbial community
genome sequence analyses. One particular chal-
lenge of significant magnitude will be the assembly
of whole genomes from sequences obtained from
complex mixtures of highly related organisms.
The current DNA assembly strategies and algorithms
will need to be modified significantly to meet these
new challenges. In addition, new ways to inter-relate
genomic, environmental, clinical, biogeochemical,
and biogeographical datasets will need to be
developed and applied.

Encourage large efforts that focus on specific,

naturally occurring model microbial communities

and ecosystems
Establishing focused groups of researchers that team
to study particular microbial communities or ecosys-
tems has potential to accelerate the development of
tools and techniques for genome-enabled microbial
community analyses. Specific attributes of model
microbial communities might include widespread dis-
tribution, geochemical importance, biomedical
importance, tractability, or industrial importance.
Those microbial communities that have already been
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extensively well studied using traditional methods
have a built-in infrastructure and historical datasets
that would enhance the value of genome enabled
approaches. Model communities may come from an
environment that is amenable to genomic experimen-
tation and has a relatively simple physiology.

Establish research programs that investigate the

process and dynamics of microbial community

genome evolution in natural systems
Efforts to establish the relationships among genomic
diversity, ecological diversity, and ecosystem dynam-
ics should be encouraged and accelerated. In
particular, the processes and products of microbial
speciation, diversification and lateral gene transfer
events need to be better documented and under-
stood. The rate and extent of interspecies gene flow
in microbial communities is largely unknown, and
should be investigated in order to understand better
the stability of the microbial genome. The relative
influence of lateral gene transfer and other modes of
genome evolution and diversification need to be
much better quantified, modeled, and placed in
appropriate ecological contexts.

Develop enabling technologies to dissect more

accurately genomic content and dynamics in

complex microbial communities.
New and better technologies to dissect the individual
and collective genomes found in naturally occurring
microbial populations need to be developed. Front
end purification techniques including novel cultivation
strategies and cell purification strategies such as flow
activated cell sorting, coupled with newly developed
single genome amplification strategies, could greatly
accelerate progress. Downstream analytical strategies
for sequencing the collective genomes of whole com-
munities also need development and improvement. In
particular, algorithms for de-convoluting intraspecific
and within-population genomic polymorphisms, need
extensive development and improvement.
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